Two experiments were conducted to determine the standardized ileal digestible (SID) lysine (Lys) requirement and the ideal SID sulphur amino acids (SAA) to Lys ratio for 30-50 kg crossbred pigs. In experiment 1, a total of 72 crossbred pigs with an average initial body weight (BW) of 28.9 kg were allotted to one of six dietary treatments in a randomized complete block design. Each diet was assigned to six pens containing two pigs each. Six diets were obtained by supplementing graded levels of L-Lysine•HCl to create six dietary levels of SID Lys (0.70%, 0.80%, 0.90%, 1.00%, 1.10% and 1.20%). Responses of weight gain (ADG) and gain:feed (G:F) to increasing the SID Lys content of the diet fitted well with the curvilinear-plateau model; whereas, for plasma urea nitrogen (PUN) two-slope linear broken-line model was well fitted. The optimal SID Lys requirement for the pigs of this period was 1.10%. Experiment 2 was a doseresponse study using SID Met+Cys to Lys ratios of 50%, 55%, 60%, 65%, 70% and 64%. A total of 72 crossbred pigs with initial BW of 32.9 kg were randomly allotted to receive one of the six diets. Diets 1-5 were formulated to contain 1.0% SID Lys to be second limiting in Lys and diet 6 contained 1.11% SID Lys to be adequate in Lys.
| INTRODUC TI ON
Lysine (Lys) is generally the first limiting amino acid (AA) in practical pig diets, and consequently, its requirement has been most extensively studied (Ball, Urschel, & Pencharz, 2007) . There is considerable variation in the reported Lys requirements which may be due to differences in lean gain potential of the pig genetics used. Lysine requirement of today's high lean pigs is still higher than the NRC estimates (Kendall, Gaines, Allee, & Usry, 2008; Landero et al., 2016; Mathai & Stein, 2014) . Methionine (Met) is considered to be the second or third limiting AA in typical swine diets .
Met is an essential AA for normal growth which cannot be synthesized in the body, whereas cysteine (Cys) can be converted from Met as needed (Lu, 2009) , which means that the amount of Met needed in the diet depends on the amount of Cys present. Thus, it is also important to have requirement estimates for Met+Cys or sulphur amino acid (SAA) in addition to Met when formulating swine diets.
Lowering the crude protein (CP) content and supplementing the diet with crystalline AA has nutritional, economic and environmental benefits (Zhang et al., 2012) . Total nitrogen losses were reduced nearly 8% for each percentage reduction in CP (Jones, Tokach, Usry, Neill, & Patience, 2014) . Similarly, reducing dietary CP content from 19.7% to 16.8% (~3% in the diet) and supplementing AA reduced N excretion (29%) with no effect on the growth performance of pigs provided free AA balanced according to ideal protein ratio and on SID AA basis (Gloaguen, Le Floc'h, Corrent, Primot, & Milgen, 2014) .
Both cost savings and environmental regulations have led to the widespread use of crystalline AA. However, for the successful application of reduced CP diets, it is critical to have reliable estimates of the Lys requirements and the optimum proportion of SAA to Lys for pigs.
Only few studies have investigated the optimum SID SAA:Lys ratio in 25-50 kg pigs. Zhang, Thacker, Htoo, and Qiao (2015) reported that the optimum SID SAA:Lys ratio required for 25-50 kg pigs fed low CP diets was 62.3%. Gaines et al. (2004) , based on broken-line regression, found the average optimal TID SAA:Lys ratio for ADG and G:F of 29-45 kg pigs to be 59.7% and 61.1%
respectively. Similarly, Yi et al. (2005) based on broken-line and quadratic regression analysis of ADG and G:F responses, estimated the average optimal TID SAA:Lys ratio of approximately 61% for both 28-49 kg PIC gilts and barrows. These estimates are higher than the NRC (2012) recommendation of 56% for 25-50 kg pigs.
The inconsistency of estimated dietary SID SAA:Lys may be due to differences in the regression model, dietary Lys levels, body weight (BW), age and genetic potential of pigs. It is assumed that SID Lys requirement and optimal dietary SID SAA:Lys ratio could be different between different breeds (Chang et al., 2001 ). For the above reasons, the present experiments were conducted to determine the SID Lys requirement and the optimal proportion of SID SAA to Lys required to maximize the growth performance and minimize plasma urea nitrogen concentration for 30-50 kg pigs fed diets fortified with AA. (Table 1) were obtained by supplementing graded levels of L-Lysine•HCl to create six dietary levels of SID Lys (0.70%, 0.80%, 0.90%, 1.00%, 1.10% and 1.20%). The diet formulation was followed the approach published by Warnants, Oeckel, and Paepe (2003) . In the diets with SID Lys levels from 0.7% to 1.00%, the feed ingredients were kept constantly and the only change is Lys content by adding L-Lysine•HCl. To avoid imbalance in amino acid patterns and keep the ideal amino acid pattern in all diets, there was a small change in the feed compositions in the diets with SID Lys contents of 1.10% and 1.20%. The experimental diets were formulated based on corn, broken rice, soya bean meal, full-fat soya bean and whey powder using analysed ingredient AA con- 
| MATERIAL S AND ME THODS

| Experiment 2. Estimation of optimal SID SAA:Lys ratio for 30-50 kg pigs
A total of 72 crossbred pigs with average initial BW of 32.9 kg (SEM 0.41) were used in the experiment. They were allotted to one of six treatments on the basis of initial BW with six replicate pens per treatment and two pigs (one barrow and one gilt) per pen. The diets 1-5 with 1.0% SID Lys was set to be second limiting amino acid. These diets contained five graded levels of SID SAA:Lys ratios (50%, 55%, 60%, 65% and 70%) by supplementing graded levels of DL-Met. Diet 6 was formulated to be adequate in all AA (1.11% SID Lys) ( Table 2 ). The diet formulation was followed the approach published by Warnants et al. (2003) as described in the experiment 1. To avoid imbalances amongst amino acids with the increases of dietary SID Met+Cys, there were small changes in the ratios of corn and soya bean meal and some crystalline amino acids of the last diet. The experimental diets were formulated based on corn, soya bean meal and rice bran using analysed ingredient AA contents and published 
| Feeding and measurement
Pigs were housed in pens measuring 1.0 × 2.2 m and provided onehole self-feeder and one nipple drinker. Feed and water were supplied ad libitum. The environmental temperature ranged from 26 to 35°C during the experimental periods. Pigs were weighed at the beginning and the end of the experimental stages to determine weight gain (ADG). Feed was weekly measured to calculate feed intake (FI) and gain:feed (G:F).
| Plasma urea nitrogen (PUN)
Blood sampling and PUN analysis were performed according to Chua and Tan (1976) . Briefly, at the end of each experiment, blood samples were collected from all pigs. After a 10 hr fasting, blood samples were collected from jugular vein venipuncture using a 10 ml syringe and then placed into heparinized tubes (10 ml capacity) with Na heparin (Becton Dickinson Vacutainer System, Rutherford, NJ), temporarily stored on ice, and centrifuged by spinning at 1,500 × g at 4°C for 10 min within 2 hr after sampling to extract plasma and stored at −18°C until the analysis of plasma urea nitrogen (Chua & Tan, 1976 
| Chemical analyses
Chemical analyses such as amino acid concentration, crude protein (CP) and dry matter (DM) were performed at the Laboratory of Evonik Singapore as described previously (Htoo et al., 2014) . Each Corrected SID AA = (calculated SID AA × analysed total AA)/calculated total AA.
| Statistical analysis
All data were analysed by ANOVA using the GLM procedure (SAS Inst. Inc., Cary, NC) with initial BW (covariate) and dietary treatment as sources of variation. For growth performance, the pen was an experimental unit. Differences were considered significant if p < 0.05 and were described as tendencies if 0.05 < p < 0.10 using the LSMEANS statement. To estimate Lys requirement, ADG and G:F (overall treatment means) data were analysed by curvilinear-plateau models. Both curvilinear-plateau and linear broken-line (Robbins, Saxton, & Southern, 2006 ) models were used to estimate the ideal SID SAA:Lys ratios. For the PUN data, based on best fit, two-slope linear broken-line model was used (Robbins et al., 2006) .
| RE SULTS
| Diet analysis
The analysed Lys content was slightly higher than the calculated values in Exp. 1, and the analysed Lys and Met+Cys contents were also slightly higher than the calculated values in Exp. 2. The corrected SID Lys (corrected after diet analysis) in diets for Exp. 1 were 0.71%, 0.82%, 0.91%, 1.04%, 1.12% and 1.22% (Table 3 ). The corrected SID SAA:Lys in diets for Exp. 2 was 52%, 59%, 63%, 68%, 75% and 60% (Table 4 ). All data presented hereafter will refer to the corrected SID Lys or SID SAA:Lys as SID Lys or SID SAA:Lys.
| Experiment 1. Estimation of SID lysine requirement for 30-50 kg pigs
The final BW were increased linearly (p < 0.0001) by increasing dietary SID Lys level. During the overall experimental period, increasing dietary SID Lys linearly increased (p < 0.0001) ADG and G:F, whereas FI was not affected (p > 0.10; Table 3 ). The best ADG and G:F were achieved at a proportion of SID Lys of 1.04%. On day 29, the PUN concentration decreased quadratically (p = 0.001) as dietary SID Lys level increased, and the PUN concentration was the lowest at a dietary SID Lys of 1.04%. Based on overall ADG and G:F, the SID Lys requirement were estimated at 1.23% and 1.10%, respectively, using the curvilinear-plateau model (Figure 1a,b) . The two-slope broken-line estimated the optimum Lys to be 0.98% for PUN (Figure 1c ). On average of all criteria, the SID Lys requirement for the pigs of this period was 1.10%.
| Experiment 2. Estimation of optimal SID SAA:Lys ratio for 30-50 kg pigs
The overall ADG and G:F improved linearly and quadratically (p ≤ 0.001) as the SID SAA:Lys level increased (Table 4) . Feed intake was not affected by experimental treatments. In this study, increasing dietary SID SAA supply quadratically decreased PUN (p < 0.05) and the lowest PUN concentration was achieved at a proportion of SID SAA:Lys of 63%. Diet 6 was the same as diet 5
with an exception that diet 6 contained a higher Lys content. The ADG and G:F of pigs fed diet 6 were numerically higher compared Note. a 1 kg contains 9.000.000 IU vitamin A; 1.300.000 IU vitamin D3; 33.000 mg vitamin E; 2.000 mg vitamin K3; 2.4000 mg vitamin B1; 3.000 mg vitamin B2; 25.000 mg vitamin B3; 12.000 mg vitamin B5; 3.300 mg vitamin B6; 1.500 mg vitamin B9; 35.000 μg vitamin B12; 125.000 μg biotin, 31.000 mg Fe; 30.000 mg Cu; 92.500 mg Zn; 31.000 mg Mn; 460 mg I; 420 mg Co; 180 mg Se; 120.000 μg Cr. with diet 5, but it was not different indicating the dietary Lys effect was not different (p > 0.05). Based on these data, these findings suggested that the optimal proportion of SID SAA to Lys for 30 to 50 kg pigs was at 63% to maximize ADG, G:F and minimize
TA B L E 1 (Continued)
TA B L E 2 Ingredient and nutrient composition of diets for 30-50 kg pigs (Exp. 2, as-fed
PUN.
The estimation of the optimum proportion of SID SAA to Lys is affected by the statistical models used. The curvilinear-plateau analysis estimated the optimum SID Met+Cys:Lys ratio to be 65.5% and 66.7% to maximize ADG and G:F, respectively, while the broken-line model estimated 63% and 64% (Figure 2a,b) . The two-slope brokenline estimated the optimum Lys to be 66.8% for PUN (Figure 2c ). On average of all criteria, optimal SID SAA:Lys ratio for growing pigs of this study was 65.2%.
| D ISCUSS I ON
| Experiment 1. Effect of dietary Lys levels on growth performance and PUN concentration of 30-50 kg pigs
Numerous previous studies evaluated the optimal Lys requirement for 30-50 kg pigs aiming to provide opportunities for cost-effective gains, efficient growth performance and environmental benefits.
Mathai and Stein (2014) (Zhang et al., 2012) . Based on these findings, it was assumed that a diet with 1.0% SID Lys could be used in the subsequent experiment to determine the optimum SID SAA to Lys ratio. Possibly, in this study, the balances amongst amino acids in the diets with high SID Lys contents (1.1% and 1.2% SID Lys diets) by slight ingredient changes could be a reason for better ADG, G:F and lower PUN and as a consequence high estimates of SID Lys requirement.
In the current experiment (Exp. 1), FI was unaffected by the dietary SID Lys level. This was consistent with other studies in which graded levels of crystalline AA were used to increase dietary Lys (Kendall et al., 2008; Urynek & Buraczewska, 2003) . In contrast, in experiments in which intact protein sources are used to increase dietary Lys, this has resulted in linear decreases in FI (Kendall et al., 2008) . Feeding high protein diets creates a greater need for the pigs to deaminate and excrete excess nitrogen (Carpenter, Mara, & Doherty, 2004; Gloaguen et al., 2014) .
Plasma urea nitrogen has been often used as a response criterion for determining AA requirements since PUN can be used as an indicator of protein utilization efficiency. When there is an excess AA, PUN is known to increase because excess AA cannot be stored, and therefore, they are degraded with the production of urea. If there is decrease in PUN, it would indicate either an increase in nitrogen utilization efficiency or decrease in protein breakdown (Coma, Carrion, & Zimmerman, 1995) . Using the overall results of this experiment, the two-slope linear broken-line analysis estimated the optimum SID Lys requirement for 32-36 kg pigs to minimize PUN to be 0.85%. PUN concentration in pigs of 32-36 kg fed corn-soya bean meal diet with low protein level decreased from 8.50 mg/100 ml to 3.99 mg/100 ml (p < 0.05). In this study, pigs were fasted 10 hr before taking the blood samples. In previous studies, many scientists focused on reducing PUN concentration for pigs at different growth stages by feeding them standard or low protein diets (Carpenter et al., 2004; Coma et al., 1995; Coma, Zimmerman, & Carrion, 1996; Fischer, Miller, & Lewis, 2000 Lys as the first limiting amino acid, p < 0.05 (Brown & Cline, 1974) .
| Experiment 2. Effect of SAA to Lys ratio on growth performance and PUN concentration of 30-50 kg pigs
The major advantage of using digestible AA in diet formulation is that it makes it possible to increase the inclusion levels of alternate ingredients, in particular low-quality protein sources in diets. This will increase the range of ingredients that can be incorporated, improve the precision of formulation and ensure more predictable performance (Bryden & Li, 2010 ).
In the current study (Exp. 2), averaging the estimates, the optimal proportion of SID SAA to Lys of 65.2% was obtained which was higher than the NRC (2012) recommendation of 56% for 25-50 kg pigs. Estimates in this study were possibly partly affected by the balances amongst amino acids in the last diet with 64% SID Met+Cys:Lys by slight ingredient change. These estimates were similar with results of Zhang et al. (2015) finding an optimal SID SAA:Lys ratio was 62.3% for 25-50 kg pigs. The result from this study was also in agreement with some other recent findings. For examples, Gaines et al. (2004) found that the optimal TID SAA:Lys ratio of 29-45 kg pigs were 59.7% and 61.1% for ADG and G:F respectively. Yi et al. (2005) also published that the average optimal TID SAA:Lys ratio of approximately 61% for both 28-49 kg PIC gilts and barrows. From a study on performance of 7-25 kg pigs, KongkeawKaewtapee, Rakangtong, Bunchasak, and Poeikhampha (2013) also reported that total SAA:Lys ratio should be at 64%.
The optimal SAA:Lys ratio can be affected by several factors such as health status (with or without antibiotics) and genetics observed with 30-50 kg pigs in this study may be due to the suboptimal immune status of the pigs raised under conditions coupled with using antibiotics-free diets.
| CON CLUS ION
In conclusion, the average SID Lys requirement based on ADG and G:F and PUN of 30-50 kg pigs receiving antibiotic-free diets was calculated to be 1.10%. To optimize ADG, G:F and minimize PUN, the average optimal SID Met+Cys:Lys ratio of 65.2% is needed for 30-50 kg pigs.
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